INTRODUCTION
Fibronectin is a large glycoprotein found in plasma and extracellular matrices (1) (2) (3) (4) . It is a major cell surface protein and is secreted by fibroblasts (5-6) and a variety of other cells (1, 7) . Important properties of fibronectin include the fact that it binds to cell surfaces (8) and has other binding sites that recognize the collagen molecule (9) and other connective tissue comReceived for publication 19 February 1981 and in revised form 3 August 1981. ponents (10) . In this context, fibronectin is thought to be involved in the interaction of cells with the extracellular matrix (11) and thus can influence both morphology (12) (13) and differentiation (14) (15) . In addition, fibronectin has been implicated as an important opsonin for gelatin-coated particles and presumably for tissue debris in the circulation (16) and at local tissue sites (17) .
The interstitial lung diseases are a heterogeneous group of disorders characterized by abnormal accumulation of inflammatory cells and connective tissue elements in the pulmonary interstitium together with changes in parenchymal cell populations and organization (18) . Frequently these diseases lead to fibrosis characterized by derangements of interstitial collagen. Because fibronectin seems to play a major role in the maintenance of cellular and extracellular integrity and topography, it is reasonable to hypothesize that this macromolecule plays an important role in the derangements of the alveolar structures that characterize these disorders. In this context, the present study was designed to evaluate the status of fibronectin in the lower respiratory tract of patients with fibrotic lung disease. To accomplish this, fibronectin was measured in serum and bronchoalveolar lavage fluid of a group of patients with interstitial lung disease and compared with the values of normal individuals.
METHODS
Study population. 92 individuals were studied on the inpatient service at the Clinical Center, National Institutes of Health. Physiologic testing was performed as described (19) . 21 (15 male, 6 female) had idiopathic pulmonary fibrosis (IPF)' in midcourse established by defined criteria including open lung biopsy (20) . Five were smokers. 10 were taking prednisone (daily dose 27±6 mg)2, and 4 were taking cytoxan (daily dose 125 mg). This group of patients had a mean age of 47.6±2.3 yr with a vital capacity (VC) of 60.0±4.6% predicted, total lung capacity (TLC) of 63.6±3.7% predicted, forced expiratory volume at 1 s (FEVy) X 100/forced vital capacity (FVC) of 79.4±2.5% observed, single breath diffusion capacity for carbon monoxide (DLCO) of 59.3±4.7% predicted (corrected for volume and hemoglobin), and resting arterial P02 of 72.5±2.9 torr. All IPF patients underwent bronchoalveolar lavage at least once. In addition, nine patients had two procedures and one patient had three; in these individuals, the average interval between procedures was 3 mo.
20 patients (9 male and 11 female) had pulmonary sarcoidosis diagnosed by established criteria including lung biopsy (21 (18) . These included patients with eosinophilic granuloma (n = 4), hypersensitivity pneumonitis (n = 4), chronic interstitial lung disease associated with collagen vascular disease (n = 5), Wegener's granulomatosis (n = 2), pulmonary alveolar proteinosis (n = 2), asbestosis (n = 2), chronic eosinophilic pneumonia (n = 1), and undiagnosed chronic interstitial lung disease (n = 2). Six were smokers. Four were taking prednisone (daily dose 30±11 mg). One was taking cytoxan (50 mg/d). This group had a mean age of 45 Each control individual had one procedure.
Bronchoalveolar lavage. Bronchoalveolar lavage was performed with a flexible fiberoptic bronchoscope as described (22) using a total of 100 ml of 0.9% saline in five 20-ml 2 All data is presented as mean±SE of the mean. aliquots for each site lavaged. No patient was lavaged who had clinical evidence of acute pulmonary infection. The samples were centrifuged at 2,000 g for 15 min to remove cellular material and debris. Four 1-ml aliquots of the supernatant fluid were then frozen on dry ice and stored in liquid nitrogen vapor. Each aliquot was used only once. Plasma samples, anticoagulated with ethylenediaminetetraacetic acid, were collected the morning of bronchoscopy. Plasma samples were centrifuged at 2,000 rpm for 15 min to remove cells, and three 1-ml aliquots were frozen on dry ice and stored in liquid nitrogen vapor until use.
Quantification of fibronectin levels in lavage fluid and plasma. All measurements were done by enzyme-linked immunoassay (ELISA) as described (23) . Briefly, fibronectin purified from human plasma by affinity chromatography and diethylaminoethyl-cellulose chromatography was used to raise antifibronectin antisera in rabbits. The second antibody was peroxidase-conjugated goat antirabbit immunoglobulin (IgG) (lot S-631) obtained from Miles Laboratories Inc., Elkhart, Ind. The same ELISA assay was used to quantify lavage fluid and plasma fibronectin; to standardize the assay2 plasma and lavage fluid fibronectins were purified as described above and compared using ELISA. The concentration of protein in the purified fibronectin sample was determined using a protein-binding dye assay (Bio-Rad Laboratories, Richmond, Calif.); the ELISA test was sensitive to 10 ng/ml.
To compare fibronectin levels in lavage among different study groups, fibronectin levels in lavage are given relative to lavage fluid albumin levels. This is necessary to correct for the variable amount of dilution of the lower respiratory tract sample by the saline used in the lavage. Because albumin (67,000 mol wt) is representative of an average-sized molecule in terms of movement across the alveolar-capillary barrier, this provides a convenient measure to compare lavage fluid macromolecule levels among groups and to compare lavage fluid with plasma levels (24, 25 to bind to any antigenic material that had bound to the collagen-coated well. Next, horse radish peroxidase-conjugated goat antirabbit IgG was added, followed by peroxidase substrate, and the resulting chromaphore produced was measured as described above.
(b) Quantitative binding of lavage fluid fibronectin to gelatin-Sepharose was done batchwise. The gelatin-Sepharose was prepared as described by Engvall and Ruoslahti (27) . Affinity beads suspended in phosphate-buffered saline (PBS) (1:1 beads to PBS; 0.5 ml total) was added to 0.75 ml of sample (lavage or appropriately diluted plasma) in Eppendorf tubes. Samples were gently mixed for 1 h at room temperature and were then centrifuged at 10,000 g for 10 min. Under these conditions, the percentage of fibronectin bound in a given sample was constant over a range of 50 to 1,000 ng/ml (data not shown). Aliquots of the supernatant fluid and starting material were then assayed for fibronectin by ELISA under conditions that permit the detection of intact and partially cleaved molecules (28 To evaluate the apparent molecular weight of the lavage fluid fibronectin that could bind to gelatin, lavage samples were iodinated using lactoperoxidase-glucose oxidase beads (Bio-Rad Laboratories) and Na125I (New England Nuclear, Boston, Mass.). 50-Ml aliquots of each iodinated sample was purified using 50 lA of gelatin-Sepharose beads as described above. The centrifuged beads were suspended in 100 ul of sample buffer with 2% fB-mercaptoethanol and heated to 100°C for 5 min. For comparison, aliquots of each lavage fluid sample were precipitated with 1 ml of 20% trichloroacetic acid followed by a wash with 1 ml of 99% ethanol at -20°C. Precipitates, collected by centrifugation at 10,000 g for 10 min, were dissolved in gel buffer and electrophoresed in sodium-dodecyl sulfate (SDS)-polyacrylamide slab gels (5%) (29) . After electrophoresis, the gels were stained, destained, and autoradiograms were made.
Statistical evaluation. All comparisons between groups were made using the Wilcoxon-Mann Whitney rank order test except for the evaluation of the lobar distribution of fibronectin, which was evaluated in 2 X 2 tables using the chi squared test.
RESULTS
Fibronectin levels in bronchoalveolar lavage fluid. To demonstrate that the ELISA accurately quantified lavage and plasma fibronectin in comparable fashion, the ELISA was used to evaluate fibronectin levels in increasing amounts of lavage fluid and compared with both fibronectin purified from the patient's lavage fluid and to plasma fibronectin (Fig. 1) . Not mg albumin, and smokers (n = 21) had a mean fibronectin level of 3.5±0.7 ,Ag/mg albumin, P > 0.2. There was also no association with smoking in any patient group within the population, but the numbers of smokers in most groups were too small for definitive statistical analysis. Similarly, there was no correlation with prednisone therapy. (The fibronectin level for patients not taking prednisone was 4.25±.58 ,g/mg albumin vs. a level of 4.07±0.98 ug/mg albumin for patients taking prednisone, P > 0.2).
The elevation of lavage fluid fibronectin in interstitial lung disease was in marked contrast to the plasma levels of fibronectin in the same individuals. For all groups, plasma fibronectin was within the normal range independent of whether the values were expressed as micrograms fibronectin per milliliter plasma (Fig. 4A) or micrograms fibronectin per milligram plasma albumin (Fig. 4B ) (P> 0.2, all comparisons). Comparison of lavage with plasma levels of fibronectin revealed that the lavage fluid level was 25±3% of plasma in normals and 23±7% in patient controls with noninterstitial lung diseases (P > 0.2). In contrast, it was 44±7% in patients with IPF, 76±12% in sarcoidosis, and 71±18% in patients with other interstitial lung diseases (P < 0.01 for all comparisons to control). Moreover, four patients with IPF, four patients with sarcoidosis, and two patients with other interstitial lung diseases had lavage levels that exceeded 100% of the plasma level suggesting that, in at least some individuals with interstitial disease, fibronectin in lavage is either produced or concentrated locally, or removed more slowly. Lobar distribution of fibronectin. To determine if alized phenomenon throughout the lung, 70 patients the elevated fibronectin levels in bronchoalveolar la-were lavaged in multiple subsegments (Table 1) . 38 vage of patients with interstitial disease was a gener-had separate lavages in the lingula, left lower lobe, (Fig. 5) . Whereas from 68 to 86% of plasma fibronectin from controls was capable of binding to gelatin-coated Sepharose, 68-100% of lavage fluid from the same individuals could perform the same function. In contrast, while at least 68% of lavage fluid fibronectin from normals was capable of binding to denatured collagen, in 46% (6 of 13) patients with interstitial lung disease, <68% of fibronectin detected antigenically in lavage fluid maintained this property. The lavage fluid fibronectin that bound to collagen reacted with the antibody in a manner similar to plasma fibronectin from the same patients suggesting a similar antigenic character (Fig. 6) . At least some of the lavage fluid fibronectin that bound to collagen was intact; evaluation of iodinated lavage fluid fibronectin by SDS-acrylamide gels demonstrated an apparent monomer mol wt of 220,000 (Fig. 7) 4 . Lavages and plasma from control individuals handled in a similar manner also demonstrated intact fibronectin (data not shown). Molecular weight markers fibronectin ("fn"), collagen al chains ("al"), and albumin ("A") are shown. The band at A is likely 125I_ albumin adsorbed to or trapped by the gelatin-Sepharose beads and "X" = likely a collagen-binding fragment of fibronectin (patient in lane 2). The assignment of A as albumin was made because: (1) it has the correct molecular weight; and (2) this was the major protein (>70% of all dpm) in trichloroacetic acid precipitates of unfractionated iodinated lavage fluid, consistent with the known fact that albumin represents -30% with surfactant proteins (not shown) comprising -30% of proteins recovered by lavage. The assignment of X as a fibronectin fragment was made because it was not seen in unfractionated iodinated lavage fluid analyzed by SDS-gels (not shown) but was markedly enriched by affinity binding to gelatin-Sepharose, a known property of intact fibronectin and some of its fragments. X) and might represent a fragment of fibronectin with an intact collagen binding site. Thus, at least some of the lavage fluid fibronectin of both controls and patients with interstitial lung disease is similar antigenically to plasma fibronectin and has the same apparent monomer molecular weight as plasma fibronectin. Moreover, this material binds to collagen and thus possesses at least one of the functional characteristics of plasma fibronectin. With the material available, it was not possible to evaluate the cell binding function of lavage fluid fibronectin because the standard assay for cell binding required fibronectin levels in excess of 1 ug/ml, whereas lavage fluid contained fibronectin 0.1-1 ,ug/ml in most individuals. Preliminary attempts to concentrate lavage fluid to permit cell binding evaluation were unsuccessful. Although the reasons for this are unclear, it likely was secondary to the lavage fluid fibronectin precipitating or aggregating under the concentrating conditions. Fibronectin is a large glycoprotein found in plasma, interstitial connective tissue, basement membranes, and cell surfaces (1-7). Through its ability to bind to connective tissue and cells (9) , this macromolecule mediates many cell-matrix interactions (1, 4, 11) , including cell adhesion (30) , the clearance of denatured matrix components (4, 16, 17) , and the directed movement of parenchymal cells (31) . In this context, fibronectin is likely important in situations where cellular and matrix constituents are being remodeled. Using the technique of bronchoalveolar lavage (24) to sample fibronectin in the lower respiratory tract, our study demonstrates that fibronectin is normally present in the lower respiratory tract, and significantly increased levels of this macromolecule can be recovered from the lungs of patients with interstitial lung disease, disorders characterized by chronic remodeling of alveolar structures. There are several possible mechanisms to explain the presence of fibronectin on the epithelial surface of the lower respiratory tract of the human lung. First, it may represent, in part, fibronectin that has permeated from plasma across the alveolar-capillary structures. In normal individuals, the level of fibronectin/albumin in lavage was an average of 25±3% of that of plasma. Although lung permeability studies with fibronectin have not been carried out, plasma fibronectin has a mol wt of 440,000, and it is known that macromolecules of that size can diffuse from blood into lung, although not as readily as albumin (35, 36) . Second, fibronectin is a major secretory product of lung fibroblasts (1, 5, 6) , a cell population that represents 35-40% of the parenchymal cells of the normal lung (37) . Third, fibronectin is produced by alveolar macrophages (38, 39) , a cell representing 90% of the inflammatory and immune effector cells of the lower respiratory tract.
Independent of the source of the fibronectin recovered by lavage of the human lung, at least some of this material is similar to other fibronectins. For example, it is antigenically indistinguishable from plasma fibronectin. In addition, at least some of it has a monomer mol wt of 220,000 and binds to collagen, both of which are properties of other fibronectins (1, 9, 27) . There have been subtle differences described between cellular fibronectin and plasma fibronectin (1, 40) , but because the amounts of human lavage fluid fibronectin available are very limited, extensive biochemical and functional comparison to plasma fibronectin is not possible at this time.
Lavage fluid fibronectin in interstitial lung disease. More than half of the individuals with intersitial lung disease have lavage fluid fibronectin levels that are greater than the highest level observed in lavage fluid in normals (Fig. 3) . Interestingly, the same individuals have plasma fibronectin levels similar to normals (Fig. 4) , suggesting the increases seen in lung represent a local process: either production or concentration of fibronectin at the site of disease activity. In contrast, only 2 of 18 patients with noninterstitial lung disease, had fibronectin levels higher than the highest normal, and there was no statistical difference between this patient group and normals. Thus the elevation of fibronectin level in interstitial disease appears to reflect the presence of a characteristic group of disease processes of the alveolar structures. Moreover, the elevated lavage fluid fibronectin found in interstitial disease appears to be a phenomenon generalized throughout the lung, i.e., fibronectin levels in lavage fluid from various lobes of the same patient are similar (Table I) . This does not imply that the elevation is completely uniform, but rather that the lavage procedure samples a sufficiently large number of alveoli so that in a generalized process segmental levels are similar.
Whereas fibronectin appears to be a ubiquitous protein produced by many cell types and present throughout the body, it is very unusual to find abnormalities in the levels of fibronectin in body fluids. Besides the elevated levels of lavage fluid fibronectin in interstitial disease noted in this study, the only other variations in fibronectin levels noted in human disease are the reduction in plasma fibronectin associated with massive trauma (4) and disseminated intravascular coagulation (1, 41) , possibly a mild elevation in plasma levels of some patients with hepatic dysfunction (42) , and possibly abnormal levels in the cerebrospinal fluid of some patients with neurologic disorders (32) .
Although some of the increased levels of fibronectin in the lower respiratory tract of patients with interstitial disease may result from an increased "leak" of plasma macromolecules due to the derangement of the alveolar-capillary structures, lavage fluid levels of other high molecular weight macromolecules found in blood are not elevated in these disorders (22, 25) . Moreover, 21% of individuals with interstitial lung disease had a lavage to plasma fibronectin/albumin ratio of >1.0, a situation that clearly implies either local generation of fibronectin (or its fragments), local concentration of plasma fibronectin, or decreased removal of fibronectin from the lower respiratory tract. In addition, because there is little evidence of increased selective permeability of the capillary-alveolar membrane to large macromolecules in interstitial lung disease (22) , elevated levels of lavage fluid fibronectin in many individuals likely reflects local processes at the site of disease.
There are several possible mechanisms to explain increased local generation of fibronectin in the lower respiratory tract of patients with interstitial lung disease. First, fibronectin is a major secretory product of fibroblasts (1, 5, 6) , a cell population that is expanded in the parenchyma of the lungs of these patients (17) . Second, at least some of the interstitial lung diseases are associated with the presence of proteolytic enzymes in the lower respiratory tract (43), thus providing a means by which tissue fibronectin or its fragments could be released to the epithelial surface (35, 44, 45) . Consistent with this concept, some of the antigenic fibronectin found in the lavage fluid of patients with interstitial lung disease is nonfunctional (i.e., binding to collagen is reduced) (Fig. 5) . In addition, some of the fibronectin in lavage bound to collagen but was of lower molecular weight (i.e., likely the collagen-binding site was intact but not the entire molecule) (Figs. 6, 7) , and evaluation of lavage fluid of interstitial lung disease patients by molecular sieve analysis demonstrated significant amounts of antigen of smaller molecular weight than the fibronectin monomer (data not shown). Increased degradation of fibronectin in the lung in the interstitial diseases is consistent with the accelerated turnover of other connective tissue macromolecules in these diseases and, if at times degradation exceeds production, may explain some of the overlap of patient samples with controls. Third, macrophages (46, 47) , including alveolar macrophages (39, 40) , are capable of producing fibronectin. This cell population is expanded in number in the interstitial lung diseases (17) , and macrophages from these patients produce increased amounts of fibronectin per cell (40) .
No association between fibronectin level and pulmonary function was observed. However, pulmonary function testing does not measure the activity of the interstitial disease but merely its end result (18, (48) (49) (50) . Fibronectin itself would not be expected to alter pulmonary function, but rather, to reflect disease process. Moreover, in this context, the metabolism of fibronectin is the important parameter, and the level measured in bronchoalveolar lavage must represent a balance between production and destruction. These dynamic processes and the possible predictive value of the fibronectin level for morphological and func-tional outcome in these diseases will have to await long-term followup studies in individual patients.
The increased levels of fibronectin on the epithelial surface of the lower respiratory tract of patients with interstitial lung disease may simply be a byproduct of the active inflammation associated with these disorders and not relate to their pathogenesis. However, the increased amounts of fibronectin in the alveolar structures may play an important role in the chronic remodeling of the lung parenchyma that is characteristic of these diseases. First, by virture of its function as an opsonin (4), fibronectin might provide a mechanism whereby the lung removes matrix debris after injury. Second, fibronectin is known to be a chemoattractant for fibroblasts (31) and could thus recruit these cells to local areas of injury in the alveolar structures. Moreover, by functioning as an adhesive protein (1, 8, 10, 29) , fibronectin can influence the cellular topography of the injured tissue. Third, fibronectin has been implicated as a possible modulator of phenotypic expression for certain cell types (13, 14) . In this context, it is possible that the fibronectin in the lower respiratory tract of patients with interstitial lung disease may influence, in part, the function of the parenchymal cells present.
